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Discrete dislocation dynamics were used to determine the relative strengths of binary dislocation junctions in fcc crystals.
Equilibrium junctions of different types Lomer, glissile, coplanar, and collinear were formed by allowing parallel dislocations of
unequal length to react. The strengths were determined from the computed minimum strain rate versus the applied shear stress
plots.The collinear configuration was found to be the strongest and coplanar the weakest. It was seen that the glissile junction could
exist as two variants depending onwhich parent slip system the shear stress is applied. One variant of the glissile junction was found
to be as strong as the collinear configuration.

1. Introduction

Under externally applied stress metals plastically deform and
work-harden through the movement, interaction, and mul-
tiplication of dislocations. The interactions of dislocations in
fcc metals on the {111}⟨110⟩ slip systems result in formation
of Lomer, Hirth, collinear, glissile, and coplanar junctions
[1]. Lomer and Hirth junctions are sessile, the glissile and
coplanar junctions are glissile, and collinear is an interaction
between dislocations with parallel Burgers vectors leading to
annihilation. The formation of these junctions, their subse-
quent interaction with dislocations and their destruction is
known to control the work-hardening behaviour of materials
[2]. The modelling of the mechanical behaviour of materials
at different length scales requires an understanding of the
movement and interactions of dislocations. In the last decade
dislocations have been modelled as lines of singularity in an
elastic continuum and their dynamics solved using a discrete
dislocation dynamics (DDD) framework formulation [3–10]
as individual dislocation interactions [11–14], as dislocation-
forest interactions [2, 15, 16] and as dislocation-boundary
interactions [17, 18].Of the individual dislocation interactions
the Lomer junction has been studied the most [11, 12, 15,
19, 20] as its formation and destruction is thought to be the
primary cause for strain hardening in fcc metals. In most

studies on fcc crystals the junction strength is correlated
with the length of junctions, that is, a higher junction length
signifies higher strength [1, 20, 21]. Analytical calculations
made using line tension model [11] showed that the junction
strength was the highest for Lomer, followed by glissile
junction and the least for the Hirth junction; the collinear
interaction and coplanar junctionwere not considered in that
study.However, in later studies [1, 15] the collinear interaction
(themost energetically favourable of the reactions) was found
to have a greater contribution to forest hardening than the
Lomer junction. It is seen that although the strengths of indi-
vidual junctions have been determined in separate studies [1,
11–14, 16, 22, 23], a comparison of all junctions under exactly
similar loading conditions and for similar junction lengths
is lacking. The present work determines the relative junction
strengths for all the energetically favourable binary disloca-
tion interactions in fcc crystals-Lomer, collinear, glissile, and
coplanar, using “ParaDiS”, a parallel DDD code developed at
Lawrence Livermore National Laboratory [21, 24].

2. Dislocation Dynamics
Simulations: Methodology

The simulations were performed by application of a shear
stress on a slip system and computing the corresponding
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Figure 1: Dislocation configuration (a) before junction formation and (b) after junction formation. Lengths are in units of Burgers vector
magnitude b. 𝜏 is the shear stress applied on the first slip system. b
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, b
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, and b

𝑗
are the Burgers vector of the long, short, and junction

dislocation, respectively.

strain rates ̇𝜀 as described here. The driving force F acting
on a dislocation due to an applied stress tensor 𝜎app and an
internal stress tensor 𝜎int due to other dislocations is F =

(𝜎app + 𝜎int) ⋅ b × 𝜉, where b is the Burgers vector and 𝜉 is the
line direction of the dislocation segment.The resulting steady
state dislocation velocity is k = F/𝐵 where 𝐵 is the drag co-
efficient. In one time step 𝛿𝑡, a dislocation segment 𝑎 of length
𝑙
(𝑎) and velocity V(𝑎) sweeps an area of 𝑙(𝑎)V(𝑎)𝛿𝑡 giving rise to
a shear strain component 𝛿𝛾𝛼 on a slip plane 𝛼,
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𝛼
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1

𝑉
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∑
𝑎

𝑏𝑙
(𝑎)V(𝑎)𝛿𝑡, (1)

where 𝑉 is the simulation volume and 𝑁 is the number
of dislocation segments. The total plastic strain increment
tensor 𝛿𝜀p due to slip is
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p
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where s𝛼 and n𝛼 are the unit vectors in the slip and plane
normal directions respectively on a slip system 𝛼. The
effective strain increment 𝛿𝜀 at each time step was calculated
using [25]
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fromwhich the effective strain rate and strain were computed
as ̇𝜀 = 𝛿𝜀/𝛿𝑡 and 𝜀 = ∑𝛿𝜀, respectively.

Previous studies [2, 11, 22] have shown that the length
of a junction formed is a function of the angles that the
parent dislocation lines make with the line of intersection
of their slip planes, 𝜙

1
and 𝜙

2
for the two planes. The

length of the junction formed from parent dislocations of
the same starting length and at the same angle 𝜙

1
and 𝜙

2

would be different for different dislocation reactions. Thus
the left-over arms (unreacted segment) of parent dislocations
after junction formation would also be different for each
junction. In such a case, some junctions would be unzipped
by smaller parent arms (the ones that form longer junctions)
while others would be unzipped by longer parent arms
(the ones that form junctions of shorter length). This could
make interpretation of relative strength of different junctions
difficult. By keeping dislocations parallel (𝜙

1
= 𝜙
2
= 0), this

problem could be overcome. However, parallel dislocations
pinned at their ends would need to be of different lengths,
such that after junction formation one pair of unreacted arms
remain and the formation of loops apply force on the junction
to initiate its destruction [2, 19]. This procedure creates a
configuration in which the junction lengths as well as the
length of unreacted parent arms are same for all junctions,
thereby making a comparative study of junctions easier.

The simulations were carried out using a cubic box of
side = 9000 𝑏 which contained two parallel dislocations, one
of length 6000 𝑏 and the other of length 2000 𝑏 separated
by a distance of 300 𝑏 (Figure 1(a)). Each dislocation was
pinned at its ends and periodic boundary conditions applied.
For the Lomer, collinear and glissile interactions the longer
dislocationwas on the (111) plane and the shorter dislocation
on the (111) plane. Both dislocations were parallel having
a line direction of the intersection of the two planes, which
is [110] (Figure 1(a)). For the coplanar interaction both
dislocations were on the (111) plane. Table 1 shows a list of
the dislocation interactions considered here. The angle the
Burgers vectors of the parent dislocations make with the line
of intersection of slip planes are 60∘ each for Lomer, 0∘ each
for collinear and 60∘ and 0∘ for glissile.This asymmetry of the
glissile junction results in it having two variants, named here
as glissile-a and glissile-b for convenience, as listed in Table 1.
Glissile-a junction forms on the (111) plane, whereas glissile-
b junction forms on the (111) plane with the unreacted
arms of the longer dislocation lying on (111) in both cases.
In all the above cases (listed in Table 1), the two parallel
dislocations were first allowed to interact with each other
through their attractive stress fields (without application of
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Table 1: List of the dislocation interactions and their corresponding
reactions. Here both the Burgers vectors and the slip planes are
shown for the interacting dislocations and their products. The first
reactant dislocation is longer than the other in all the cases.

Interaction
type Dislocation reaction

Lomer (1/2) [011](111) + (1/2) [101](111) = (1/2) [110](001)

Collinear (1/2) [110](111) + (1/2) [110](111) = annihilation

Glissile-a (1/2) [101](111) + (1/2) [110](111) = (1/2) [011](111)

Glissile-b (1/2) [110](111) + (1/2) [101](111) = (1/2) [011](111)

Coplanar (1/2) [011](111) + (1/2) [110](111) = (1/2) [101](111)

Coplanar

Glissile-a
Lomer

Glissile-b

Collinear
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−
1
)
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Figure 2: Strain rate versus strain plots for the various interactions
listed in Table 1. The simulations were carried out for 𝜏 = 50MPa.

external shear stress) to form a stable junction (Figure 1(b)).
A small segment of the shorter dislocation was left unreacted
on either side of the junction so as to conserve the Burgers
vectors at the junction nodes; that is, b

1
+ b
2
= b
𝑗
. After

the junction formed and had attained equilibrium, a shear
stress component 𝜏 was applied on the slip plane in the slip
direction of the dislocation loops, that is, on the unreacted
part of the longer dislocation. The simulations were carried
out using shear modulus = 55GPa, Poisson ratio = 0.33,
and 𝐵 = 1 Pa⋅s. Cross slip was disabled in the simulations. A
similar procedure of allowing dislocations to form junctions
by mutual interaction without the application of applied
stress, was also carried out by Wu et al. [26].

3. Simulation Results

The computed ̇𝜀 − 𝜀 plot as shown in Figure 2 for a typical
case of 𝜏 = 50MPa depicts three different stages common

Snapshot-1 Snapshot-2

Burgers
vectors

(a) Lomer

(b) Collinear

(c) Glissile-a

(d) Glissile-b

(e) Coplanar

[011] [101] [110] [101] [110] [011]

Figure 3: Snapshot during simulations of the position of the
dislocations during the hardening stage (stage 1, snapshot 1) and
the softening stage (stage 2, snapshot 2). The legend of the colour
scheme of Burgers vector of dislocations is shown. See Supple-
mentary Material for the videos of these interactions available at
http://dx.doi.org/10.1155/2014/715356.

to all cases. Stage 1 represents a decreasing ̇𝜀 − 𝜀 curve
(hardening), stage 2 an increasing ̇𝜀 − 𝜀 curve (softening),
and stage 3 a relatively flat ̇𝜀 − 𝜀 curve. The typical snap-
shots of the dislocation configurations during stage 1 and
2 are shown in Figure 3 and depicted as snapshot 1 and
2, respectively. Snapshots 1 show the configuration before
the start of the junction destruction, whereas snapshots 2
show the configuration during junction destruction. The
Burgers vector from each segment can be determined from
the colour code given in Figure 2. Stage 1 hardening is caused
by the bowing of the unreacted segments of the dislocation
loops and the bowing of glissile junctions (glissile-a, glissile-
b, and coplanar) in response to the application of shear
stress as seen in snapshots 1 in Figure 3. Stage 2 softening
(snapshot 2 in Figure 3) is due to either the onset of junction
destruction (as in Lomer, glissile-b, and coplanar junctions)
or the attractive forces between the dislocation loops (as
in collinear and glissile-a configurations) as explained later.
The end of the hardening stage (stage 1) and the start of
the softening stage (stage 2) results in a minimum strain
rate ( ̇𝜀min). The increase of ̇𝜀 in stage 2 continues till the
process of junction destruction completes. Just prior to
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Figure 4: Minimum strain rate versus applied resolved shear stress
for different junctions.

the complete destruction of the junction, the strain rate shows
a rapid increase due to attraction of the dislocation segments
in close proximity. Subsequently, they annihilate resulting in
a decrease in dislocation length which is seen as a sharp drop
in ̇𝜀. Thereafter, in stage 3 the parent dislocations glide freely
on their slip planes resulting in a relatively constant ̇𝜀 (orweak
hardening) curve.

4. Discussion

4.1. Determination of Relative Junction Strengths. The
strength of a junction can be thought of in terms of the
minimum shear stress required for the start of junction
destruction. For destruction of a junction, the dislocation
configuration has to cross the point of minimum strain
rate, which is the state where the dislocation configuration
offers maximum resistance to the externally applied 𝜏. If
𝜏 is decreased, then the driving force for onset of stage 2
decreases thus lowering the value of ̇𝜀min. Thus there exists a
threshold value of 𝜏, 𝜏th, below which the junction remains
intact; that is, stage 2 and 3 do not occur and ̇𝜀min → 0. In the
present work, 𝜏th was obtained by performing simulations
at different constant values of 𝜏 starting from 90MPa and
decreasing 𝜏 in steps of 10MPa till even after a sufficient
number of time steps a minimum strain rate is not reached;
that is, ̇𝜀 continues to decrease towards zero. Thereafter, 𝜏
was increased in steps of 1MPa till softening just starts (a
minimum strain rate is just reached). The values of ̇𝜀min
obtained for different values of 𝜏 are plotted in Figure 4.
The extrapolation of the curves to ̇𝜀min → 0 (when plotted
on a linear scale) give 𝜏th—a quantification of the junction
strength. 𝜏th was obtained as 40MPa for collinear, 39MPa
for glissile-b, 30MPa for Lomer, 28MPa for glissile-a and

24MPa for coplanar. (It is the relative and not the absolute
shear stress values, which are of significance). The present
study shows that in fcc crystals the collinear interaction is
strongest, greater than the Lomer junction, in agreement
with the results of Madec et al. [1] and Devincre et al. [15].
However, it is also seen that a variant of the glissile junction,
the glissile-b junction, is nearly as strong as the collinear
interaction. Here, the junction is formed on the (111) plane
while the arms which aid in its destruction are on the (111)
plane (Figure 3(d)). In contrast, glissile-a junction is formed
and moves on the (111) plane (Figure 3(c)), which is the
same plane as the longer dislocation.

Although in the present study junctions were formed
using dislocation lines parallel to the line of intersection for
reasons explained earlier, in a general case junctions form
with dislocations interacting at various angles to the line of
intersection of the two planes. Thus the higher strength of
glissile-b as compared to glissile-a may not always be true for
a general glissile junction which forms when two dislocations
intersect each other at some angle to the line of intersection
of the two slip planes. Such a resultant glissile junction has
two unreacted arms on either side of the junction, one set
of these would lie on (111) and the other on (111) with the
junction lying on (111). Glissile junction with a slip plane
(111) would also produce an equivalent configuration which
would be indistinguishable from each other. The distinction
comes with the application of shear stress. If a shear stress
acts on only those arms which do not lie in the slip plane
of junction, glissile-b junction is produced whereas if the
shear stress acts on those arms which lie in the slip plane
of the junction, glissile-a junction is produced. Thus, the
same glissile junction will act differently depending on which
slip system the shear stress is applied. This asymmetry of
glissile junction can also be seen in Figure 11 of [11] where the
resolved shear stress required to start unzipping is different
for the two slip planes of parent dislocations.The dependence
of the relative strength of the glissile-a and glissile-b on their
angles of interaction is part of ongoing study.

4.2. Process of Junction Destruction. Themechanism of junc-
tion destruction is usually thought of as an unzipping process,
where the equilibrium position of the triple node (node
joining the junction and two arms of parent dislocations)
moves along the junction [11, 20, 27]. In the present case for
Lomer, glissile-b and coplanar, as the force on the junction
node makes it unstable, the junction node moves along the
length of the junction leaving behind dislocation segment
with the original Burgers vector b

2
= b
𝑗
−b
1
(conservation of

b at each node). However, in the case of glissile-a junction,
if the left-over segment of the shorter dislocation fails to
cross-slip, the unreacted arms curve, their line direction
reverses and the arms get attracted to the junction resulting
in the reaction [101] + [011] → [110] leading to eventual
destruction (note that using −b is equivalent to using −𝜉).
The process of glissile-a junction formation and destruction
(either by unzipping or by reverse reaction) changes the slip
plane of the shorter dislocation from (111) to (111)making it
in effect a coplanar junction.
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5. Concluding Remarks

The relative strengths of different binary junctions in fcc
crystals were compared by interacting two parallel disloca-
tions of unequal lengths using discrete dynamics simulations.
The dislocation lines were kept parallel so that the junction
length as well as the length of the unreacted arms of parent
dislocations remained same in all the cases. The use of the
̇𝜀 − 𝜀 plot for a given applied shear stress clearly elucidated
the different stages of dislocation interactions. From the
computed minimum strain rates for various applied shear
stresses the strengths of different junctions were deduced.
As known, the collinear configuration was found to be
the strongest and the coplanar configuration the weakest.
However, it was found that the glissile junction can be nearly
as strong as the collinear interaction. The strength of the
glissile junction depended on the resolved shear stress on the
unreacted segments of the parent dislocations.
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